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Available online 19 April 2015Superoxide dismutase (SOD, EC 1.15.1.1) plays a key role in response to drought stress, and
differences in SOD activity changes among cultivars are important under drought
conditions. We obtained the full-length DNA of the chloroplast Cu/Zn-SOD gene (AhCSD2)
from 11 allotetraploid cultivars and 5 diploid wild species in peanut. BLAST search against
the peanut genome showed that the AhCSD2 genes gCSD2-1 and gCSD2-2 are located at the
tops of chromosome A03 (A genome) and B03 (B genome), respectively, and both contain 8
exons and 7 introns. Nucleotide sequence analyses indicated that gCSD2-2 sequences were
identical among all the tested cultivars, while gCSD2-1 sequences showed allelic variations.
The amino acid sequences deduced from gCSD2-1 and gCSD2-2 both contain a chloroplast
transit peptide and are distinguished by 6 amino acid (aa) residue differences. The other 2
aa residue variations in the mature peptide regions give rise to three-dimensional structure
changes of the protein deduced from the genes gCSD2-1 and gCSD2-2. Sequences analyses of
cultivars and wild species showed that gCSD2-2 of Arachis hypogaea and gAipCSD2 (Arachis
ipaensis) are identical, and despite the abundant polymorphic loci between gCSD2-1 of A.
hypogaea and sequences from A genome wild species, the deduced amino acid sequence of
AhCSD2-1 (A. hypogaea) is identical to that of AduCSD2 (Arachis duranensis), whereas
AcoCSD2 (Arachis correntina) and AcaCSD2 (Arachis cardenasii) both have 2 aa differences in
the transit peptide region compared with AhCSD2-1 (A. hypogaea). Based on the Peanut
Genome Project, promoter prediction revealed many stress-related cis-acting elements
within the potential promoter regions (pp-A and pp-B). pp-A contains more binding sites for
drought-associated transcriptional factors than pp-B. We hypothesize that the marked
changes in SOD activity in different cultivars under drought stress are tightly regulated by
transcription factors through transcription and expression of AhCSD2 genes.
© 2015 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Plants have developed a delicate dynamic balance system for
generation and scavenging of endogenous reactive oxygen
species (ROS) during their normal development [1,2]. However,
many adverse stress conditions, such as drought and heat, can
disrupt such coordination by inducing excessive accumulation
of ROS. Oxidative stress results in damage to cellular macro-
molecules such as proteins, nucleic acids, membrane lipids,
and carbohydrates [1,2]. As one of the key enzymes in the
antioxidant protection system, superoxide dismutase (SOD, EC
1.15.1.1) has been suggested to play an important role in
detoxifying ROS-induced stresses [3]. Based on its metal cofac-
tors, SOD can be categorized into three forms: copper/zinc-(Cu/
Zn-SOD), manganese-(Mn-SOD), and iron-(Fe-SOD). Cu/Zn-SOD
is located mainly in the chloroplast and cytoplasm [3]. The
chloroplast, the photosynthetic organelle, is one of the primary
sites for ROS generation in plants. Oxidative damage caused by
excessive ROS in the chloroplast can destroy the membrane
system and molecular structure of chlorophyll and ultimately
undermine the photoreaction center [4,5]. ROS have important
functions in regulating enzymatic and non-enzymatic antioxi-
dants at both transcriptional and translational levels and act as a
regulator in the network of signal transduction pathways of
biosynthesis of hormones associated with stress [2,5–7]. They
play a dual role as a damaging toxic element and apositive signal
transduction molecule. Thus, the chloroplast has evolved a
high-efficiency antioxidant defensemechanism against adversi-
ty, especially oxidative damage caused by drought and heat.
Encoded by a single nuclear gene (CSD2) [8], the precursor
of chloroplast Cu/Zn-SOD in Arabidopsis thaliana is synthe-
sized and transported into the chloroplast by an N-terminal
transit peptide [9]. To date, chloroplast Cu/Zn-SOD genes from
several plant species have been isolated, characterized, and
used to enhance resistance against oxidative stress [10,11].
Peanut (Arachis hypogaea L.) is one of the most important
edible oil crops and is grown in more than 100 countries, with
an annual production of 34.1 million Mg [12]. Water deficiency
is the main constraint to plant growth and productivity, and
drought is the primary factor limiting peanut yield and quality
[12]. In a recent study, traits of drought resistance and sensitivity
were largely cultivar dependent and different peanut genotypes
responded to drought stress differently [13]. Clearly, breeding
drought-resistant peanut varieties is important and possible.
Several other studies have indicated that drought-resistant
varieties show higher SOD activity than drought-sensitive
cultivars under drought conditions [14–16]. In general, high
SOD activity is a great advantage in response to drought stress
[14–16]. Chloroplast Cu/Zn-SOD is one of the most important
antioxidant enzymes present in plant leaves [17]. Continuous
cultivar selection for improvement in yield and photosynthetic
featuresmay have facilitated the evolution of the high-efficiency
antioxidant system in the chloroplast [18].
Previous studies of SOD in peanut have focused mainly
on changes in physiological activity under stress [12–16]. The
cytoplasmic Cu/Zn-SOD gene has been cloned and analyzed in
fourpeanut cultivars [19], but cDNAandgenomicDNAsequences
of chloroplast Cu/Zn-SOD AhCSD2 and AhCSD2's molecular
biological analysis have not been reported. It is widely believed
that Arachis duranensis (AA) and Arachis ipaensis (BB) are theancestors of A. hypogaea, which arose by natural hybridization
followed by spontaneous chromosome doubling [20–22]. The
completion of the Peanut Genome Project (PGP) [23] in A.
duranensis and A. ipaensis provides a valuable data resource for
deducing gene and evolutionary processes in cultivated peanut
and for breeding new varieties with high yield, quality, and
resistance against biotic and abiotic stresses.
The objectives of the present study were (1) to clone
and sequence the AhCSD2 gene from tetraploid (A. hypogaea)
cultivarswith different SODactivity and drought resistance and
five diploid wild species in section Arachis, (2) to determine the
physical location of the AhCSD2 gene in the peanut genome,
(3) to identify allelic polymorphisms ofAhCSD2 among cultivars
and diploid wild species, and (4) to identify and analyze
potential promoter sequences of AhCSD2 based on the Peanut
GenomeProject [23]. Theultimate goal of this study is to provide
a basis for understanding the molecular mechanism of SOD
activity and the AhCSD2 gene in response to drought stress.2. Materials and methods
2.1. Materials and growth conditions
Five diploid wild species and 11 allotetraploid cultivars were
used as experimental materials (Tables 1 and 2). The wild
species were grown in the greenhouse, and the cultivars were
grown in 2013 and 2014 in the test field of the Agricultural
Experiment Station of Shandong Agricultural University
(36.15°N, 117.15°E), Tai'an, China. Field experiments for culti-
vars were conducted in a randomized complete block design
with three replications. Two water management treatments
were assigned in main plots, consisting of standard watering
and drought stress imposition by withholding water until
harvest. The field capacity of the test field was 21.39% in 2013
and 20.97% in 2014. The standard treatment maintained the
relative water content (RWC) at 70 ± 5%. For drought stress
treatment, irrigation was withheld to hold RWC at 45 ± 5%. Soil
water content (%) was calculated as (M–Ms) / Ms × 100%, where
M is the weight of wet soil and Ms is the weight of dry soil.
RWC was determined by soil water content combined with a
CNC503DR neutron probe (Beijing Nuclear Instrument Factory
China National Nuclear Company, Beijing, China) every 5 days
at soil depths of 0–20 cm to determine whether irrigation was
providing sufficient water. Plot size was 8.28 m2 with a 4.6 m
row length. The distance between rows was 40 cm and the
spacing between plants was 20 cm.
2.2. SOD activity assay and drought resistance identification
At the stress stage in 2013 and 2014, in both flowering and
pegging periods, samples of cultivar leaves were used for SOD
activity analysis. For SOD extraction, 0.5 g samples of frozen
leaves were quickly ground in liquid N2 into fine powder. The
SOD extraction protocol and SOD activity assays using nitro
blue tetrazolium (NBT) were based on Jiang and Zhang [24].
SOD activity assay was determined by NBT photoreduction
inhibition (one unit of SOD activity = the amount of enzyme
required to inhibit 50% of the NBT reduction, with sample
absorbance determined at 560 nm against a blank).
Table 1 – SOD activity and yield drought resistance of tested peanut cultivars.
Year Cultivar SOD activity (U g–1 FW) Yield drought resistance coefficient (DC)
Standard Drought stress Change (%)
2014 Shanhua 11 255.41 ± 13.6 fgEF 366.2 ± 26.3 cB 43.38 ± 5.5 aA 1.011 ± 0.12 aA
Jihua 4 252.19 ± 13.4 gF 380.48 ± 27.3 bB 50.87 ± 3.3 aA 1.008 ± 0.11 aA
Rugaoxiyangsheng 327.29 ± 17.3 abAB 405.98 ± 29.2 aA 24.04 ± 6.8 bB 0.986 ± 0.12 aAB
Shanhua 9 277.94 ± 14.7 eD 321.31 ± 23.1 eE 15.61 ± 5.5 cBC 0.978 ± 0.08 abAB
Nongda 818 316.56 ± 16.7 cC 347.84 ± 25.0 dCD 9.88 ± 5.0 cdCD 0.916 ± 0.08 bcABC
Fenghua 2 259.7 ± 13.8 fE 239.71 ± 17.2 fF –7.70 ± 3.7 eE 0.892 ± 0.13 bcABC
Lanna 1 321.93 ± 17.0 bcBC 333.56 ± 24.0 eDE 3.61 ± 2.3 dD 0.882 ± 0.12 cBC
Lipudahuasheng 330.51 ± 17.5 aA 364.16 ± 26.2 cBC 10.18 ± 4.3 cdCD 0.867 ± 0.17 cdBCD
Baisha 1016 284.38 ± 15.0 dD 245.83 ± 17.7 fF –13.55 ± 5.1 efEF 0.825 ± 0.08 dDE
ICG6848 323 ± 17.1 bBC 243.79 ± 17.5 fF –24.52 ± 8.0 gG 0.761 ± 0.13 dDE
Krapt.st.16 279.01 ± 14.8 deD 221.35 ± 15.9 gG –20.67 ± 4.2 fgFG 0.734 ± 0.08 dE
2013 Shanhua 11 256.59 ± 21.4 eD 348.27 ± 10.8 cB 35.73 ± 8.9 aA 0.997 ± 0.13 aA
Jihua 4 254.8 ± 15.4 eD 361.85 ± 11.2 bB 42.01 ± 9.6 aA 1.002 ± 0.11 aA
Rugaoxiyangsheng 332.79 ± 17.9 abA 386.10 ± 12.0 aA 16.02 ± 9.7 bB 0.985 ± 0.12 abA
Shanhua 9 281.54 ± 15.9 cB 305.58 ± 9.5 eE 8.54 ± 6.9 bcBC 0.968 ± 0.08 abcAB
Nongda 818 321.65 ± 19.8 bA 330.8 ± 10.2 dCD 2.85 ± 8.6 cdCD 0.873 ± 0.14 bcdABC
Fenghua 2 262.6 ± 14.1 deCD 264.81 ± 13.0 fF 0.84 ± 9.1 cdCD 0.898 ± 0.11 abcdAB
Lanna 1 327.22 ± 20.3 abA 317.22 ± 9.8 eDE –3.05 ± 8.1 dD 0.862 ± 0.10 cdABC
Lipudahuasheng 336.13 ± 21.2 aA 346.33 ± 10.8 cBC 3.03 ± 5.6 cdCD 0.887 ± 0.13 abcdAB
Baisha 1016 274.21 ± 19.7 cdBC 233.79 ± 7.3 gG –14.74 ± 7.4 eE 0.839 ± 0.16 deBC
ICG6848 328.33 ± 18.4 abA 231.85 ± 7.2 gG –29.38 ± 5.9 fF 0.733 ± 0.12 eC
Krapt.st.16 282.65 ± 16.1 cB 210.51 ± 6.6 hH –25.52 ± 6.1 fEF 0.734 ± 0.13 eC
Tukey's multiple comparisons method was used for ANOVA. The different upper- and lowercase letters indicate significance at P < 0.01 and
P < 0.05, respectively.
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evaluation. Drought resistance was measured as drought
resistance coefficient (DC) according to a previous study [25].
DC of each variety was calculated as Yd/Yp, where Yd is the
yield of each plot under stress and Yp is the yield under the
standard treatment.
2.3. Genomic DNA and RNA extraction and first-strand cDNA
synthesis
Young leaves from seedlings of all cultivars and wild species
were sampled and stored at –80 °C for DNA and RNA extraction.
Genomic DNA of each sample was extracted using a PlantTable 2 – AhCSD2 sequence labels of Arachis germplasm sampl
Origin Subspecies Botanical type Cu
Cultivated species spp. fastigiata Irregular type Shanhu
Shanhu
Jihua 4
var. vulgaris Fenghu
Baisha
var. fastigiata ICG6848
Krapt.st
spp. hypogaea var. hypogaea Lanna 1
Nongda
var. hirsuta Lipudah
Rugaox
Section Genome groups Species
Wild species Section Arachis A A. duran
A A. carde
A A. corren
A A. villos
B A. ipaenGenomic DNA Kit (TIANGEN Biotech Company, Beijing, China),
while total RNA was isolated according to the instructions for
the RNAprep pure Plant Kit (TIANGEN) and the manufacturer's
optimized method. For cDNA synthesis, 2 μg of total RNA of
each sample was used for reverse transcription, using the
Quantscript RT Kit (TIANGEN).
2.4. Isolation, cloning, and sequencing of AhCSD2 cDNA and
genomic DNA
Arabidopsis thaliana (GenBank: NM_128379) CSD2 cDNA was
used as a probe to detect peanut ESTs. The identified ESTs
were assembled into a cDNA sequence containing an openes.
ltivar cDNA sequence label DNA sequence label
a 9 rSh9CSD2-1, -2 gSh9CSD2-1, -2
a 11 rSh11CSD2-1, -2 gSh11CSD2-1, -2
rJh4CSD2-1, -2 gJh4CSD2-1, -2
a 2 rFh2CSD2-1, -2 gFh2CSD2-1, -2
1016 rBsCSD2-1, -2 gBsCSD2-1, -2
rIgCSD2-1, -2 gIgCSD2-1, -2
.16 rKtCSD2-1, -2 gKtCSD2-1, -2
rLnCSD2-1, -2 gLnCSD2-1, -2
818 rNdCSD2-1, -2 gNdCSD2-1, -2
uasheng rLpCSD2-1, -2 gLpCSD2-1, -2
iyangsheng rRgCSD2-1, -2 gRgCSD2-1, -2
ensis rAduCSD2 gAduCSD2
nasii rAcaCSD2 gAcaCSD2
tina rAcoCSD2 gAcoCSD2
a rAviCSD2 gAviCSD2
sis rAipCSD2 gAipCSD2
Table 3 – Correlation coefficient between SOD activities
249T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 2 4 6 – 2 5 7reading frame (ORF) of 624 bp. The ORF was predicted by ORF
Finder in NCBI (http://www.ncbi.nlm.nih.gov/gorf/gorf.html).
A search of amino acid sequence similarity was performed
with DNAMAN (Lynnon Biosoft Company, Vaudreuil, Canada)
and Blastp (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The de-
duced AhCSD2 amino acid sequence showed high identity
with other known chloroplast Cu/Zn-SODs, which contain
typical ion binding sites for Cu2+ and Zn2+. Specific primers
CSD2-F (5′-CTC TGC GGC ATT ATC ACA-3′) and CSD2-R (5′-GGA
AAA GCC ATA GAA GGT-3′) were designed using PrimerPrimer
5.0 (Premier Biosoft Company, California, USA) combined with
Oligo 6.0 (http://www.oligo.net/) software to identify the splic-
ing sequence. Primers were synthesized by Shanghai Biological
Engineering Company, Shanghai, China.
The PCR protocol for full-lengthAhCSD2 cDNA amplification
was as follows: pre-denaturation at 94 °C for 5 min, followed by
denaturation at 95 °C for 30 s, annealing at 54 °C for 30 s, and
elongation at 72 °C for 40 s (35 cycles), and post-elongation at
72 °C for 7 min. The PCR protocol forAhCSD2DNAamplification
was as follows: pre-denaturation at 94 °C for 5 min, followed by
denaturation at 95 °C for 30 s, annealing at 54 °C for 30 s, and
elongation at 72 °C for 2 min (35 cycles); and post-elongation
at 72 °C for 10 min. The amplified products present in the 1.0%
(w/v) agarose gels were extracted with a TIANgel Midi Purifica-
tion Kit (TIANGEN), cloned into the pEASY-T1 Vector according
to previous study [26], and then sequenced and analyzed
by BGI Sequencing Technology Company, Beijing, China. The
dNTPs, Taq E, and DL2000Marker were purchased from TaKaRa
Biotechnology Company, Dalian, China.
2.5. Bioinformatics analysis of AhCSD2
Sequence alignment was performed with DNAMAN and intron
analysis was performed with Splign (http://www.ncbi.nlm.nih.
gov/sutils/splign/splign.cgi). The molecular weights (Mw) and
isoelectric points (pI) of deduced amino acid sequences were
analyzed with ProtParam of ExPASy [27] (http://web.expasy.org/
protparam/). The protein secondary structures were analyzed
with SOPMA (http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?
page = npsa_sopma.html). Conserved domains were identified
with CD-Search (http://www.ncbi.nlm.nih.gov/ Structure/cdd/
wrpsb.cgi), and the prediction of 3D structure and of transit
peptides was performed with Swiss-Model [28,29] and iPSORT
[30] (http://ipsort.hgc.jp/), respectively. Protein sequences of
different species were obtained from the GenBank database.
Peanut genome sequences were obtained from PeanutBase
(http://peanutbase.org/ genomes) [23]. The online software
Place [31] (http://www.dna.affrc.go.jp/PLACE/) and Plantcare [32]
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/)
were used to predict cis-acting elements in potential promoter
sequences of AhCSD2.and DC in peanut cultivars.
Year SOD activity SOD activity
change value
Standard Drought
stress
2014 –0.31 0.75 ⁎⁎ 0.89 ⁎⁎
2013 –0.39 0.67 ⁎⁎ 0.85 ⁎⁎
⁎⁎ Significant at P < 0.01.3. Results
3.1. SOD activity and drought resistance of peanut cultivars
Data from field tests were collected in 2013 and 2014. As
shown in Table 1, changes in trends of SOD activity and
drought resistance of cultivars were similar during the twoyears, aside from some small differences. SOD activity change
differences among tested cultivars are significant in response to
drought stress. Based on the yield drought resistance study, the
DC values of the 11 cultivars were also significantly different.
For example, the SOD activity of Shanhua 11, Jihua 4, and
Rugaoxiyangsheng showed increases significantly higher than
those of other varieties under drought conditions, while these
cultivars showed higher DC (Table 1). In contrast, the DC values
of ICG6848, Baisha 1016 and Krapt.st.16 were significantly lower
than those of other varieties, and their SOD activity decreased
markedly under drought stress in comparison with the stan-
dard treatment (Table 1). SOD activities under stress and their
changes were significantly and positively correlated with
DC (r > 0.65, P < 0.01) (Table 3), strongly suggesting that SOD
activity has a close relationship with drought resistance in
peanut. All the above results were detected in the two years
(Tables 1 and 3). Thus, SOD plays a crucial role in responding to
drought-associated stresses.
3.2. Cloning and sequencing of AhCSD2
To perform the AhCSD2 cloning and sequence analyses,
genomic DNA and cDNA transcribed from RNAwere amplified
by PCR using the specific primer pair CSD2-F/CSD2-R. The
amplification of all the samples' cDNA resulted in a single
band with the expected size of 750 bp. The amplification of
genomic DNA generated an intense band 2400 bp in size.
These bands were extracted from the agarose gels, cloned
and sequenced. Two cDNA sequences, namely, rCSD2-1 and
rCSD2-2, were obtained from each cultivar and showed very
high identity with the EST splicing sequence (98.43% and
99.87%, respectively), whereas one sequence was obtained
from each wild species (Table 2). The sequenced genomic
DNA amplification products of the 11 cultivars also showed 2
sequences, named as gCSD2-1 and gCSD2-2, whereas those of
the 5 wild species had only one sequence each (Table 2).
3.3. Physical location of AhCSD2 in the peanut genome
The position of AhCSD2 genes in the full peanut genome,
determined by sequence alignment using gCSD2-1 and
gCSD2-2, is located at the tops of chromosome A03 and B03,
respectively. Sequence alignment showed that gCSD2-2 and
the corresponding region within B03 share 100% identity.
Aradu.A03 is 135.1 Mb and Araip.B03 136.1 Mb in length [23].
BLAST of gAduCSD2 against Aradu.A03 showed that the gene
is located between 747,247 and 744,856 bp. In Araip.B03,
gAipCSD2 is located between 2,760,316 and 2,757,888 bp.
Fig. 1 – Gene structure and sequence alignment of gCSD2. (A) The gene structure determined by Splign is shown with seven introns and their positions. (B) Polymorphism
analyses of gCSD2 in cultivars and wild species. Sequences from Shanhua 11 were chosen as representative of all cultivars; gAipCSD2 (same as gSh11CSD2-2) is not displayed.
*Variations within the exon region.
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Fig. 2 – Chloroplast Cu/Zn-SOD amino acid sequence comparisons between Arachis and other plant species. Amino acid sequences from other plants are At, Arabidopsis thaliana;
Gm, Glycine max; Go, Galega orientalis; Gh, Gossypium hirsutum; Zm, Zea mays; Os, Oryza sativa; Sl, Solanum lycopersicum; Ms,Medicago sativa; Dl, Dimocarpus longan; Pa, Populus
alba; So, Spinacia oleracea; Ea, Equisetum arvense; Hv, Hordeum vulgare; Ps, Pisum sativum; Pi, Pogonatum inflexum; Sp, Spirogyra; Vv, Vitis vinifera.
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252 T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 2 4 6 – 2 5 7BLAST of rCSD2-1 and rCSD2-2 against the peanut genome
database showed that AhCSD2 genes contain 8 exons and 7
introns.
3.4. Polymorphism analyses of AhCSD2 nucleotide sequences
3.4.1. AhCSD2 sequence analyses
TakingShanhua11 as anexample, cDNAsequences, rSh11CSD2-1
and rSh11CSD2-2, are 764 bp in full-length containing a 3′ UTR of
87 bp, a 5′ UTR of 53 bp, and an ORF of 624 bp that encodes 207
amino acid (aa) residues. The two genomic DNA counterparts,
gSh11CSD2-1 and gSh11CSD2-2, are 2395 bp and 2428 bp in length,
respectively, and detailed Splign analyses revealed that each of
these genomic DNA sequences contains 8 exons and 7 introns
(Fig. 1-A), whose shearing modes follow the GT/AG rules.
Sequence alignment showed that the exons of rSh11CSD2-1
and rSh11CSD2-2 are identical to those of gSh11CSD2-1 and
gSh11CSD2-2, respectively. The average length of these exons is
96 bp, with the longest located between 1 and 291 bp and the
shortest located between 1230 and 1261 and 1261–1292 bp,A
His99
His116
C
His173
His101
Cys110
Cys199
E
Fig. 3 – The predicted 3D structure of the chloroplast Cu/Zn-SOD
(Solanum lycopersicum L.). (A) Structure of chloroplast Cu/Zn-SOD i
(D) binding sites of Zn2+; (E) the disulfide bond; (F) the salt bridgerespectively (Fig. 1-A). The two genomic DNA sequences share
96.54% identity, with a total of 84 site differences (Fig. 1-B), of
which 9 single-nucleotide differences are present in the ORF
and another 2 in the 3′ UTR and 5′ UTR regions. Interestingly,
intronic polymorphisms are abundant: gSh11CSD2-1 has dele-
tions of 8 bp (391–398 bp) and 24 bp (544–567 bp) in intron I and
another deletion of 2 bp (2081–2082 bp) in intron VII (Fig. 1-B).
3.4.2. Allelic polymorphism analyses of AhCSD2 in peanut
cultivars
To investigate the differences among AhCSD2 sequences
within the 11 cultivars, we aligned them. We found that
the sequences of gCSD2-2 are completely conserved, whereas
gCSD2-1 showed 99.98% identity, with 3 single-nucleotide
polymorphisms (SNPs). It is interesting to note that the 3 SNPs
detected in the gCSD2-1 sequences in these samples occurred
only in introns. Based on the similarity of the distributions
of the 3 SNPs in gCSD2-1 among these cultivars, Shanhua 9,
Shanhua 11, Jihua 4, Fenghua 2, Baisha 1016, ICG6848, and
Krapt.st.16 belong to group a1, whereas Nongda 818 andB
His133
His116
Asp136
D
His124
Asp154 Arg132
F
(AhCSD2) in Arachis hypogaea compared with that in tomato
n tomato; (B) 3D structure of AhCSD2; (C) binding sites of Cu2+;
.
253T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 2 4 6 – 2 5 7Rugaoxiyangsheng belong in the a2 group on the basis of their
T deletion at 1220 bp and a transition from G to A at 1523 bp.
The a3 group consists of Lanna1 and Lipudahuasheng, both of
whichhaveaT deletion at 1515 bp comparedwith gSh11CSD2-1.
3.4.3. Polymorphism analyses of AhCSD2 in peanut cultivars
with wild species
Sequences analyses strongly indicated that the gCSD2-1 and
gCSD2-2 are derived from the A and B genomes, respectively,
of cultivated peanut (A. hypogaea). The gCSD2-2 sequences of
A. hypogaea and gAipCSD2 of A. ipaensis from the B genome are
identical, while the gCSD2-1 sequence shares identity of 97.45%
with gAduCSD2 of A. duranensis, 96.84% with gAcaCSD2 of Arachis
cardenasii, 95.65%with gAcoCSD2 ofArachis correntina, and 95.28%
with gAviCSD2 of Arachis villosa, respectively. Polymorphism
analyses showed that sequences from the 4 wild A genome
diploid species have abundant polymorphic loci compared
with gSh11CSD2-1 (Fig. 1-B), with 15 single-nucleotide differ-
ences in the exon region and 12 in the ORF (Fig. 1-B). The
intronic polymorphism suggested that introns I, VI, and VII
have abundant variant sites (Fig. 1-B).
3.5. Molecular characteristics of deduced AhCSD2 amino acid
sequences
3.5.1. Analyses of AhCSD2 in A. hypogaea
The deduced amino acid sequences of AhCSD2-1 and AhCSD2-2,
based on the rCSD2-1 and rCSD2-2 genes, both consist of 207 aa.
The two sequences show 96.14% identity, with 8 aa differences, 6
of which occur in the transit peptide region (Fig. 2). Given that
there is no clear transmembrane structure, AhCSD2 is likely aArg132
Asn155
Asp154
Thr82
Ser160
Lys56
A
C
Fig. 4 – Predicted 3D structure differences between the two classe
and H-bonds contained in the region of Asn155 as the center wit
H-bonds contained in the region of Lys155 as the center with radi
as the center with radius of 6 Å; (D) structure of class Ah-2 withnon-secreted protein. Based on the predicted subcellular locali-
zation, it ismost probably located in the chloroplast, based on its
high prediction value of 9.8. The predicted chloroplast transit
peptides of AhCSD2-1 and AhCSD2-2 both span 1–53 aa (Fig. 2).
We speculate that the AhCSD2 precursor is synthesized in
the cytoplasm and then transported into the chloroplast to
exercise a biological function. Analyses of the predictedmature
AhCSD2-1 and AhCSD2-2 peptides (designated as Ah-1 and
Ah-2, both spanning 54–207 aa) revealed that their MW is
15.7 kDa. The pI of Ah-1 is 5.15 and that of Ah-2 is 5.32.
Secondary structure prediction indicated that the mature Ah-1
peptide consists of 11.69% α helices, 37.66% extended strands,
11.04% β turns, and 39.61% random coils, while Ah-2 consists of
14.01% α helices, 33.33% extended strands, 9.18% β turns, and
43.48% random coils.
Next, we compared the deduced peanut AhCSD2 sequences
with the knownchloroplast Cu/Zn-SODsequences ofmanyother
plants. Sequence alignment analyses revealed that the AhCSD2
in Arachis shows very high (61–82%) identity with proteins of
most other plants. These are highly conserved proteins, espe-
cially at the active sites, which show two motifs (Fig. 2). Motif I
belongs to the PS00087 group (GFHLHEYGDTT) and is a Cu2+
binding region, whereas motif II belongs to the PS00332 group
(GNAGGRLACGVV) and is a disulfide bond formation site. These
sites are essential for catalysis. Furthermore, the AhCSD2
proteins harbor the standard ion binding sites of copper (Cu2+)
and zinc (Zn2+) constituting an active enzyme center, similar to
other members of the Cu/Zn-SOD family. As is shown in Fig. 2,
the N-terminal transit peptides harbor most of the variations in
chloroplast Cu/Zn-SOD sequences from different plants, while
the mature protein sequences are highly conservative.Lys155
Lys56
B
D
Thr160
s (Ah-1 and Ah-2) of mature peptide. (A) Amino acid residues
h radius of 6 Å in class Ah-1; (B) amino acid residues and
us of 6 Å in class Ah-2; (C) structure of class Ah-1 with Ser160
Thr160 as the center with radius of 6 Å.
Fig. 5 – Some of the predicted cis-acting elements in the potential promoter sequences of AhCSD2. The predicted cis-acting elements are shaded by different colors. The
sequences shared between elements are underlined in purple. The first exon of gCSD2 is underlined in black.
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255T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 2 4 6 – 2 5 7An X-ray crystal structure study of Kitagawa [33] showed
that chloroplast Cu/Zn-SOD is a homodimer, with each subunit
binding a Cu2+ and a Zn2+. The use of the tomato chloroplast
Cu/Zn-SOD (PDB id: 1SRD; Fig. 3-A) as a template allowed us
to construct the AhCSD2's three-dimensional (3D) structure.
The 3D structure showed each subunit consists of eight
anti-parallel β strands that constitute a flattened cylinder, in
addition to two short loops (Fig. 3-B). The Cu2+ binding sites
were located at His99, His101, His116, and His173 (Fig. 3-C)
and the Zn2+ binding sites at His116, His124, His133, and
Asp136 (Fig. 3-D). In addition, a disulfide bond between
Cys110 and Cys199 (Fig. 3-E) and a salt bridge between
Arg132 and Asp154 (Fig. 3-F) may be associated with the
stabilization of the spatial structures.
3.5.2. Analysis of AhCSD2 in peanut cultivars with wild species
Although within the coding regions of AhCSD2 there are loci
polymorphic between cultivars and wild species, the deduced
amino acid sequences are highly conserved. Alignment
showed that AhCSD2-2 of A. hypogaea shares 100% identity
with AipCSD2 of A. ipaensis and AviCSD2 of Arachis villosa.
AhCSD2-1 is identical to AduCSD2 of A. duranensis. AcoCSD2
of A. correntina and AcaCSD2 of A. cardenasii both have 2 aa
differences (Thr17 → Pro17, Phe32 → Leu32) within the transit
peptide region compared with AhCSD2-1, whereas the mature
peptide regions are completely conserved (Fig. 2). Thus, the
protein sequences can be divided into two classes based on the
mature peptide sequences: classes Ah-1 and Ah-2.
In the two classes of mature peptides, Ah-1 and Ah-2, two
amino acid variant siteswere identified at the end of the fourthβ
strand. Asn155 of Ah-1 formed H-bonds with Thr82 and Asp154
(Fig. 4-A). Lys155 of Ah-2 formed no H-bond with any other
residue, owing to the positively charged tail extending towards
the outside (Fig. 4-B). The difference between Ser160 in Ah-1
and Thr160 in Ah-2 did not result in an obvious spatial change
(Fig. 4-C, D).
3.6. Potential promoter sequence analysis of AhCSD2
Based on the genome sequence, we obtained the potential
promoter sequences upstream of the 5′ end of gCSD2 from
A. duranensis (AA) and A. ipaensis (BB), which are 1500 bp
in length and named pp-A and pp-B, respectively. SequenceTable 4 – Details and function of some predicted cis-acting elem
Promoter element Core sequence Number of
sites
pp-A pp-B
ABRE ACGT 1 1 B
AE-box AGAAACAA 1 2 P
ARE GGTTT 1 1 c
ARR1 NGATT 9 6 B
DRE RYCGAC 2 0 B
GT1-motif GGTTAA/GRWAAW 2 2 L
HSE CNNGAANNTTCNNG 1 2 c
LTRE CCGAC/A 3 0 c
MYB MACCWAMC/GGATA 8 5 B
MYC C/TAACNA/G 10 4 B
W-box TGAC 8 4 Falignment showed that the two sequences share only
52.23% identity, with abundant polymorphic loci. cis-acting
element prediction showed that typical eukaryotic promoter
elements including CAAT-box and TATA-box were found
in pp-A and pp-B (Fig. 5). Both contained many cis-acting
elements responding to light, hormone, drought, heat, frost,
and other environmental stresses (Fig. 5). These findings
strongly suggest that AhCSD2 plays a key role in response to
drought and many other stresses in peanut. Further analysis
showed that pp-A contains 2 dehydration-responsive ele-
ments (DREs) and 3 low temperature-responsive elements
(LTREs), none of which are found in pp-B (Fig. 5 and Table 4).
pp-A also contains 8 binding sites for MYB, 10 for MYC, and 8
for WRKY, which are all important drought-related transcrip-
tion factors, while pp-B contains 5 binding sites for MYB, 4 for
MYC, and 4 for WRKY (Table 4).4. Discussion
Compared with other crops, peanut is considered to be drought
tolerant, but yield loss and poor quality caused by drought
remains the primary issue that needs to be addressed [12]. As
one of the key enzymes in the antioxidant protection system,
SOD plays a crucial role in responding to drought-associated
stresses. In peanut, Cu/Zn-SODcomprises amajor proportion of
SOD isozymes and is one of the most important antioxidant
enzymes in leaves [17]. Sequence alignment analyses revealed
that the chloroplast Cu/Zn-SOD of different plants share very
high identity, especially in the two conserved motifs that are
essential for catalysis (Fig. 2). These results also illustrate the
conservation and importance of chloroplast Cu/Zn-SOD in the
evolution of plants. Studies of SOD and related genes will
provide us with valuable information for understanding the
mechanism of SOD response to drought and other environ-
mental stresses.
It is widely believed that A. duranensis (AA) and A. ipaensis
(BB) are the ancestors of A. hypogaea, which was likely derived
from natural hybridization followed by spontaneous chromo-
some doubling [20–22]. The present study revealed that the
AhCSD2 sequences of gCSD2-1 and gCSD2-2 are derived from
respectively the A and B genomes ofA. hypogaea. The gCSD2-2 is
identical to gAipCSD2 of A. ipaensis (BB). Despite DNA sequenceents in potential promoter sequences of AhCSD2.
Function
inding sites of AREB in response to ABA and dehydration
art of a module for light response
is-acting regulatory element essential for the anaerobic induction
inding sites of ARR1 in responses to environmental stimuli
inding sites of DBF in response to drought stress
ight responsive element
is-acting element involved in heat stress responsiveness
is-acting element involved in low-temperature responsiveness
inding sites of MYB involved in response to various stresses
inding sites of MYC involved in response to ABA and drought stress
unction in response to a variety of environmental stresses
256 T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 2 4 6 – 2 5 7differences among peanut cultivars and A. duranensis (AA), the
deduced AhCSD2-1 and AduCSD2 sequences are completely
identical (Fig. 2). The results indicate that cultivars obtained
these valuable genes from their wild ancestors by inheritance.
Allelic polymorphism analyses in this study showed that
the gCSD2-2 sequences from the B genome in all cultivars are
identical, while the gCSD2-1 sequences from the A genome
show some nucleotide differences. Based on the 3 SNPs in the
intronic region in the A genome, cultivars of var. vulgaris, var.
fastigiata, and irregular type all belong to the a1 group, and those
of var. hypogaea and var. hirsute to the a2 and a3 groups. These
results provide molecular evidence for morphological classifi-
cations in the cultivated peanut.
In the two AhCSD2 genes of cultivars, gCSD2-1 and gCSD2-2,
polymorphic sites were abundant, in addition to the variations
within ORFs (Fig. 1). Differences in 2 aa residues were detected
in the Ah-1 and Ah-2 mature peptides based on the deduced
sequence alignment analyses (Fig. 2). It is possible that such
variations result in changes in protein spatial configuration
(Fig. 4), thereby changing their biological functions and enzyme
activity. Similar conclusions have been reached by two inde-
pendent studies of FAD2 [34,35]. Chloroplast transit peptide
variants showed different protein-transferring efficiencies,
even though they were all capable of transporting exogenous
proteins into chloroplasts, ultimately improving plant oxida-
tion resistance [36]. Our results suggest that 6 aa differences
distinguish the transit peptides of AhCSD2-1 and AhCSD2-2
(Fig. 2). However, their transferring efficiencies and effects on
SOD activity remain to be further investigated.
Previous studies have revealed that drought-tolerant varie-
ties showedhigher SOD activity thandrought-sensitive ones, so
that high SOD activity can be considered a drought-tolerance
indicator [14–16]. In the present study, drought resistances of
the tested 11 cultivars, including both drought-tolerant and
-sensitive ones, measured by DC were significantly different.
SOD activities and their changes differed significantly between
cultivarswith different drought resistance (Table 1). The similar
change trends of SOD activity and drought resistance of
cultivars in the two years also suggest that different varieties
respond to drought stress differently and that the traits of SOD
activity and drought resistance are largely genotype dependent.
A study has proven this assertion [13]. The significant positive
correlation between SOD activity and DC of cultivars (Table 3)
also suggests that SOD, as one of the key enzymes of protective
antioxidant system, plays an important role under drought
stress in peanut.
However, the coding sequences and the deduced amino
acid sequences of AhCSD2 gene among the tested cultivars
with significantly different drought resistances are highly
conserved. We accordingly investigated the regulatory region
of the AhCSD2 gene. Interestingly, promoter prediction of
gCSD2-1 and gCSD2-2 within A and B genome (pp-A and pp-B)
identified many stress-associated cis-acting elements (Fig. 5).
Thus, the AhCSD2 genes are likely to be regulated by many
transcriptional factors, such as DREB, MYB, MYC, and WRKY,
through the ABA-dependent or -independent pathway in
response to various biological and abiotic stresses. The
binding sites of transcriptional factors indicated that AhCSD2
in peanut also plays a key role in response to many other
stresses besides drought. We hypothesized that the changesof SOD activity in different cultivars under drought are highly
regulated by transcription factors through transcriptional and
expressional level of the AhCSD2 gene. Our current experi-
ments have recently confirmed this point and will be reported
elsewhere.
Further analysis showed that PP-A harbors 2 DREs and 3
LTREs, unusually, and contains evenmore binding sites for MYB,
MYC, and WRKY, which have been proven to be important in
response to drought stress, than pp-B (Table 3). We accordingly
hypothesized that the 2wild species,A. duranensis andA. ipaensis,
have different regulatory pathways from gCSD2. In viewof the 3D
structure differences between AhCSD2-1 and AhCSD2-2, wemay
speculate that the two genes from cultivated peanut, gCSD2-1
and gCSD2-2, also have a different gene regulation pathway from
AhCSD2. Whether the SOD activity differences are regulated by
promoter activity ofAhCSD2 in different peanut varieties because
of the polymorphic loci in promoter regions is currently under
experimental study.Acknowledgments
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